We have char ac ter ized the viscoelastic prop er ties of hu man cer vi cal tis sue through a range of precompressional loads and test ing fre quen cies. Me chan i cal test ing is nec es sary to de velop ro bust elas tic itybased tech niques for the di ag no sis of cer vi cal ab nor mal i ties. The stor age modulus (E') and ma te rial damp ing (tan d) were mea sured in 13 pa tients, 40 to 76 years old. Our re sults showed that E' in creased monotonically from ap prox i mately 4.7 to 6.3 kPa over the precompression range (1-6%) for a test ing frequency of 1 Hz. In creases in precompressions of 4% or greater sig nif i cantly in creased E' ob tained af ter dy namic com pres sion test ing when data were nor mal ized to 1% precompression. Tan d re mained fairly con stant (~0.35) and was not sig nif i cantly af fected by changes in precompression. E' and tan d in creased sig nif i cantly with fre quency. E' monotonically in creased from 4.7 to 7.9 kPa for the 1-3% com pres sion range (low est precompression for 2% am pli tude) and from 6.3 to 10.3 kPa for the 6-8% range (high est precompression for 2% am pli tude) when in creas ing fre quency from 1 to 30 Hz. Tan d in creased montonically from 0.35 to 0.45 for 2% am pli tude com pres sions from 1 to 30 Hz re gard less of ini tial precompression. Our re sults show that precompression and test ing fre quency must be taken into ac count in or der to ob tain con sis tent mea sure ments in me chan i cal di ag nos tic tests de vel oped for cer vi cal ab nor mal i ties.
IN TRO DUC TION
Changes in tis sue stiff ness may cor re late with patho log i cal changes, as many dis eases lead to struc tural mod i fi ca tions that al ter tis sue me chan i cal prop er ties. 1 Cli ni cians of ten ex ploit stiff ness vari a tions in tis sue dur ing pal pa tion to qual i ta tively as sess the health or dis ease in tis sues such as the liver, breast and cer vix. Liver dis eases such as hep a ti tis B and hep a ti tis C cause in flam ma tion, which leads to scar ring. 2 The grad ual re place ment of nor mal liver tissue with fibrotic scar tis sue leads to pro gres sive stiff en ing of the liver, which may be detected us ing man ual pal pa tion. 3 Breast can cers of ten pres ent as hard nod ules in the sur round ing soft back ground and are found by pal pat ing the ab nor mal ity dur ing ex am i nations. 4 Cer vi cal in suf fi ciency, a con di tion that may re sult in mis car riage as a re sult of mechan i cal fail ure, is di ag nosed us ing the Bishop score, which uses pal pa tion (i.e. con sis tency) as one of the cri te ria in di ag no sis.
Man ual pal pa tion pro vides a means of de tect ing ab nor mal i ties but can be very sub jec tive. New tech niques are be ing de vel oped to quan tify the me chan i cal prop er ties of tis sue that may pro vide more de fin i tive di ag no ses and more in for ma tion about dis ease state. One ap proach that is gain ing pop u lar ity is ul tra sound elastography. Tra di tion ally, ul tra sound has been used to im age tis sue back scat ter but echogenic prop er ties of tis sue have not been shown to cor re late with dis ease. [6] [7] Re cently, ul tra sound has been used to quan tify and im age me chan ical prop er ties of tis sue through the de vel op ment of elastographic tech niques.
For ex am ple, 1-D tran sient elastography (Fibroscan ® ) has been de vel oped to de ter mine the de gree of liver fi bro sis. In this tech nique, shear waves are gen er ated by an ex ter nal transient per tur ba tion. By track ing shear waves, shear wave ve loc ity can be de ter mined, which is re lated to the Young's Modulus (i.e. stiff ness) of the tis sue. Stud ies us ing Fibroscan ® have shown that shear wave ve loc ity in creases with in creas ing fi bro sis score. 8 Acous tic ra di a tion force im pulse (ARFI) im ag ing has shown the fea si bil ity of quan ti fy ing shear wave ve loc ity in the liver and breast by track ing shear waves gen er ated with acous tic ra di a tion force. 9, 10 There has been in creas ing in ter est in us ing me chan i cal char ac ter iza tion for the di ag no sis of cer vi cal and uter ine ab nor mal i ties. Com pres sion-based elastography uses cross-cor re lation to com pare pre-and postdisplacement radio fre quen cy data to gen er ate a dis place ment or strain im age. 11 A pre lim i nary study has dem on strated that com pres sion-based elastography could dif fer en ti ate endometrial pol yps and leiomyomas in ex cised uteri, il lus trat ing the po ten tial for this tech nique to be used as an ex ten sion of rou tine transvaginal ul tra sound ex am i na tions to de tect uter ine and cer vi cal ab nor mal i ties. 12 Clin i cally, this has been val idated us ing real-time elastography to dif fer en ti ate nor mal and ma lig nant tis sue dur ing cer vical ex am i na tions. 13 The util ity of elastography to di ag nose cer vi cal in suf fi ciency has also been in ves ti gated. Pre lim i nary re sults show that tis sue stiff ness is lower in the vi cin ity of the cer vi cal ca nal and in creases mov ing away from the ca nal.
14 Fibroscan ® and ARFI are other can di dates that could be used in the di ag no sis of cer vi cal ab nor mal i ties. More work is needed be fore the util ity of these ap proaches can be val i dated.
Other work has fo cused on de vel op ing a me chan i cal test ing ap pa ra tus to be used to es timate cer vi cal stiff ness. For ex am ple, an as pi ra tion de vice has been de vel oped that uses nega tive pres sure to lift the an te rior lip of the cer vix. 15 Knowl edge of the load (i.e. neg a tive pres sure) and dis place ment (i.e., height of the lift) al low cal cu la tion of the cer vi cal stiff ness.
Quan ti ta tive me chan i cal tech niques hold prom ise as clin i cal di ag nos tic tools for cer vi cal ab nor mal i ties. How ever, one must be care ful when in ter pret ing the re sults, as cer vi cal tis sue ex hib its the non lin ear be hav ior of soft tis sues. 1 Com pres sion can in flu ence the re sults of these di ag nos tic tests but some amount of precompression is nec es sary for mea sur ing tis sue me chan i cal prop er ties. The as pi ra tion tech nique re quires com pres sion to en sure the for mation of a vac uum within the de vice. Ul tra sound-based tech niques re quire com pres sion to guar an tee cou pling be tween the trans ducer and the tis sue. A ques tion that one might ask is how much does this com pres sion in flu ence test ing re sults?
Ex vivo anal y sis has been used to quan tify me chan i cal prop er ties of the cer vix be cause of the rel a tive con trol of me chan i cal test ing over in vivo ex per i ments. Ramp load ing has been per formed on cer vi cal ring sec tions in con fined and un con fined com pres sion af ter compress ing sam ples up to 20% nom i nal ax ial strain to quan tify non lin ear elas tic prop er ties. 16 How ever, viscoelastic (i.e. time-and fre quency-de pend ent) prop er ties were not quan ti fied. Kiss et al quan ti fied viscoelastic prop er ties of sam ples of cer vix tis sue over a range of frequen cies with small amounts of precompression (1-2%) but did not in ves ti gate changes in viscoelastic prop er ties with in creas ing precompression. 17 In this study, we build on this work by quan ti fy ing the viscoelastic prop er ties of nor mal hu man cer vix tis sue through a range of precompressions, com pres sion am pli tudes and test ing fre quen cies to in ves ti gate how vary ing com pres sion af fects the mea sured viscoelastic prop er ties.
MA TE RI ALS AND METH ODS

The ory
De ter min ing the prop er ties of a viscoelastic ma te rial us ing dy namic test ing is well-described. 18, 19 A brief sum mary of these more ex ten sive der i va tions is pre sented in this sec tion. Viscoelastic ma te ri als ex hibit time-and fre quency-de pend ent be hav ior. That is, for an applied strain or stress, there is a cor re spond ing time-or fre quency-de pend ent stress or strain re sponse, re spec tively. For a lin early viscoelastic, iso tro pic ma te rial sub jected to a si nu soidal de for ma tion (strain), the dy namic re sponse of stress (s) can be re lated to strain (e) us ing the Boltzmann su per po si tion in te gral:
where E(t) is the re lax ation modulus. The lower limit of the in te gral is -µ be cause a true sinu soid has no start ing point. The si nu soi dal strain his tory can be rep re sented as where e 0 is the peak strain am pli tude and w is the an gu lar fre quency in ra di ans per sec ond. The stress re sponse will fol low the strain but will be shifted by a phase an gle d: where s 0 is the peak stress am pli tude. Sub sti tut ing Eqs. (2) and (3) into Eq. (1) and tak ing the Fou rier trans form yields where E * (w) is the fre quency-de pend ent com plex modulus of the ma te rial. The phase shift be tween the stress and strain (Eq. 3) re sults in where E' is the stor age modulus and E'' is the loss modulus. E' rep re sents the en ergy stored each cy cle, while E'' rep re sents the en ergy dis si pated. Ma te rial damp ing is of ten ex pressed as the ra tio of these two quan ti ties:
Ex per i ment
Cer vix sam ples from 13 women aged 40 to 76 years (58.8 ± 12.5 years) were ob tained from the UW Pa thol ogy Lab. Each sam ple was ob tained from a pa tient who un der went a 216 DEWALL ET AL ( )
hys ter ec tomy. All sur ger ies were per formed at the Uni ver sity of Wis con sin Hos pi tal and Clin ics (Mad i son, WI). Fol low ing hys ter ec tomy, the com plete uterus was taken to the Surgi cal Pa thol ogy Lab o ra tory, where a one cu bic cen ti me ter sam ple was re moved from the end of the cer vix , as in fig ure 1 . Ten of the 13 cervices showed no signs of dis ease, as de ter mined by a trained pa thol o gist. Of the re main ing two, one had small Nabothian cysts and the other had an adenocarcinoma in the deep stroma (Ta ble 1). In these two cases, test ing sam ples were taken away from the dis eased tis sue. The sam ple was placed in sa line so lu tion and trans ported to our lab o ra tory for dy namic me chan i cal test ing. Sam ples were typ i cally tested within two hours of ac qui si tion and were kept re frig er ated un til test ing. Be fore test ing, samples were raised to room tem per a ture. If nec es sary, the sam ples were shaped on the cut sides to make them square. The di men sions of all sides were mea sured mul ti ple times us ing a microm e ter and av er aged. All pro to cols and pro ce dures for this study were ap proved by the Uni ver sity of Wis con sin In sti tu tional Re view Board. All sam ples were dy nam i cally tested us ing an EnduraTEC ELF 3220 (Bose Cor po ra tion, EnduraTEC Sys tems Group, Minnetonka, MN). The sam ples and test ing plat ens were coated with a thin layer of min eral oil to min i mize tis sue dry ing and fric tion at the con tact sur faces. The ani so tropy of the col la gen fi brils com pris ing the cer vix is well doc u mented. 20 Pre vi ous stud ies have shown small vari a tions in the com plex modulus of uter ine tis sue dynam i cally tested with fi bers per pen dic u lar or par al lel to the com pres sion plat ens. 21 To ensure that the sam ples were tested with the same fi ber ori en ta tion, the cut sur face op po site the end of the cer vix was al ways placed on the lower platen, which was at tached to a load cell. The up per platen al ways con tacted the other end of the cer vix and pro vided the dis placement.
Once the con tact point was es tab lished, the sam ple was dy nam i cally tested with si nu soi dal com pres sions over a range of com pres sions and test ing fre quen cies. The sys tem was controlled us ing ELF dy namic me chan i cal anal y sis (DMA) soft ware. Each sam ple was tested at precompressions rang ing from 1 to 6%. For each precompression, sam ples were tested using dy namic com pres sion am pli tudes of 2, 3 and 4%. For ex am ple, a sam ple tested at 1% precompression and 2% am pli tude was dy nam i cally tested from 1 to 3% com pres sion, with a mean com pres sion of 2% and am pli tude of 1%. For each precompression/am pli tude combi na tion, sam ples were tested at fre quen cies of 1, 10, 20 and 30 Hz. At each test ing frequency, the sys tem dy nam i cally com pressed the sam ple for sev eral cy cles be fore data col lec tion to pre con di tion the tis sue. 1 There was a 15-sec ond hold be tween dif fer ent test ing fre quen cies, dur ing which time the sam ple was held at the mean strain value (e.g. 2% for a 1-3% test), al low ing re lax ation be fore the next test. The DMA soft ware out put |E*|, E', E'' and tan d for each test ing fre quency by de ter min ing the force am pli tude, dis place ment ampli tude and phase lag at the peak fre quency. E' out put by the DMA as sumes the area of the sam ple faces re mains the same. Be cause of the in com press ible na ture of tis sue, a cor rec tion fac tor was ap plied to the DMA data.
Sta tis tics
Of the 13 cases, only four were from premenopausal women. Tukey mul ti ple com par isons showed no sig nif i cant dif fer ences be tween pre-and postmenopausal state for E', tan d, nor mal ized E' (de scribed be low) at any com pres sion level and nor mal ized tan d be low 5% precompression. Nor mal ized tan d showed no sig nif i cance at the 0.001 level for 5% and 6% precompression. Be cause of the lim ited num ber of sam ples and the poor cor re lation be tween me chan i cal changes and meno pausal state, sta tis ti cal dif fer ences in cer vi cal me chan i cal prop er ties among dif fer ent precompressions and fre quen cies were as sessed with pre-and postmenopausal sam ples lumped into one group. The sig nif i cance of the over all changes in E' and tan d over the precompression range and the fre quency range was as sessed us ing a one-way anal y sis of vari ance (ANOVA; p < 0.001). Tukey mul ti ple compar i sons were used to com pare E' and tan d at each precompression level or fre quency to E' and tan d at 1% precompression or 1 Hz fre quency, re spec tively (*, p < 0.05; **, p < 0.001). The sig nif i cance be tween groups (e.g. fre quency) at each precompression level or fre quency was also tested ( †, p < 0.05; ‡, p < 0.001). All data are pre sented as mean ± standard de vi a tion.
RE SULTS
Raw data from a rep re sen ta tive sam ple af ter 1-3% and 6-8% com pres sion test ing are shown in fig ure 2. In fig ure 3 , E' and tan d are quan ti fied for all sam ples at all the precompression lev els for the three am pli tude ranges. There is a trend of in creas ing E' with in creas ing precompression, which was sta tis ti cally sig nif i cant for 6% precompression and 4% am pli tude. Tan d re mained con stant over the range of precompression lev els. There were no dif fer ences among am pli tude ranges at any level of precompression for E' or tan d. To show changes in E' rel a tive to min i mal precompression for each sam ple, E' and tan d were nor mal ized to the val ues ob tained at 1% precompression. We found sig nif i cant dif ferences in E' at 4, 5 and 6% (Fig. 4) . Nor mal ized tan d re mained con stant, and no sig nif i cant dif fer ences among am pli tudes were ob served for E' or tan d.
Fig ure 5 pres ents E' and tan d ver sus precompression for all test ing fre quen cies. Be cause there were no dif fer ences among am pli tudes (Figs. 3, 4) , only the 2% am pli tude is shown for FIG. 2 Rep re sen ta tive force-dis place ment cy cles from one cer vi cal spec i men: (a) 1-3% com pres sion; (b) 6-8% com pres sion. Note the slope in crease for the 6-8% com pres sion cy cles.
(a) (b)
clar ity. There is again a trend of in creas ing E' with in creas ing precompression, but the differ ences are not sig nif i cant. Tan d re mained con stant with in creas ing precompression. There were sig nif i cant in creases in E' and tan d when higher fre quen cies were com pared to 1 Hz for each precompression level. Af ter the data were nor mal ized to 1% precompression (Fig. 6 ), E' was sig nif i cantly higher for 4% precompression and above, but tan d was again fairly con stant. There were no sig nif i cant dif fer ences in tan d be tween fre quen cies at each precompression level when nor mal ized.
Fi nally, 2% am pli tude data were plot ted ver sus fre quency to in ves ti gate fre quency-depend ent be hav ior (Fig. 7 ). There were sig nif i cant in creases in E' at 20 Hz and 30 Hz when com pared to 1 Hz and sig nif i cant in creases in tan d from 10 to 30 Hz fre quency. There were no dif fer ences among com pres sion ranges at each fre quency. Data nor mal ized to 1 Hz frequency showed sig nif i cant in creases in E' and tan d (p < 0.001) for all com pres sion ranges from 10-30 Hz but no changes among com pres sion ranges (Fig. 8) . All raw data are presented in ta bles 2 and 3. 
DIS CUS SION
We have char ac ter ized the viscoelastic prop er ties of hu man cer vix tis sue for a range of com pres sion am pli tudes and test ing fre quen cies. Qual i ta tively, one can see an in crease in the slope of the el lipse (i.e. stiff ness) in the 6-8% com pres sion range data com pared to the 1-3% range. Fig ure 3 dem on strates the in her ent vari abil ity of soft tis sue, as has been pre viously re ported. 22 Cer vix sam ples were ob tained from women over a wide age range with differ ent preg nancy his to ries (Ta ble 1). This may have con trib uted to dif fer ences in the me chan i cal prop er ties among the sam ples; how ever, due to the poor cor re la tion be tween me chan i cal prop er ties and meno pausal state in this study and lim ited num ber of spec i mens avail able, we did not cre ate smaller, more ho mog e nous sub sets. Our E' re sults were sim i lar to the in cre men tal modulus of stress-strain curves for ramp test ing cer vi cal sam ples from nonpreg nant women when com par ing sim i lar com pres sion ranges. 16 Tan d val ues were
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FIG. 4
Ef fect of precompression on viscoelastic prop er ties for 2, 3, and 4 % com pres sion am pli tudes (1 Hz compres sion): (a) E' and (b) tan d nor mal ized to 1% precompression. There were sig nif i cant in creases in nor mal ized E' for 4, 5 and 6% precompression when com pared to 1% (*, p < 0.05; **, p < 0.001).
(a) (b)
com pa ra ble to Kiss et al but our modulus val ues were much lower. 17 They re ported com plex modulus val ues of ap prox i mately 40 kPa test ing at 1 Hz from 2-4% com pres sion. We reported E' as op posed to the com plex modulus, which is in her ently lower. Ini tial precompression may have also been a fac tor. Es tab lish ing con tact can be very sub jec tive. Dif fer ences in the ini tial con tact load (i.e., precompression) may ex plain dif fer ences in the re sults.
To in ves ti gate the ef fects of precompression for each sam ple rel a tive to min i mal prec omp ression, we nor mal ized E' and tan d for each pa tient to E' and tan d at 1% precompression, re spec tively (Fig. 4) . These re sults showed that E' in creased sig nif i cantly for precompressions of 4% or greater. At 6% precompression, E' was ap prox i mately 1.4 times E' at 1% precompression. These re sults stress the im por tance of con sid er ing precompression dur ing me chan i cal char ac ter iza tion. There has been in creas ing in ter est in de ter min ing cer vi cal func tion by study ing the cer vix as a biomechanical struc ture. The 'TYVU' ef face ment pat - tern re vealed via sonography 23 has also been shown by mod el ing the cer vix as a me chan i cal struc ture. 24 As pi ra tion tech niques have dem on strated the po ten tial to quan tify cer vi cal stiffness changes through out ges ta tion 25 and ul tra sound-based me chan i cal char ac ter iza tion meth ods such as elastography and shear-wave im ag ing may hold prom ise. 14 We saw no sig nif i cant dif fer ences in E' or tan d among am pli tude ranges for raw or normal ized data (Figs. 3, 4) . Be cause of this, we chose to pres ent the ef fects of fre quency on the viscoelastic prop er ties us ing just the 2% am pli tude data for clar ity. We saw sig nif i cant increases in tan d and E' with in creas ing fre quency for each com pres sion range (Fig. 5) as previ ously re ported. 17 How ever, there were no sig nif i cant dif fer ences among fre quen cies at each precompression level when nor mal ized to a 1% precompression, in di cat ing that increases in E' caused by fre quency or by precompression were in de pend ent (Fig. 6) . Two percent am pli tude data plot ted ver sus fre quency showed trends of monotonically in creas ing E' and tan d, sim i lar to prior re sults for the same fre quency range. Kiss et al showed a lo cal min i mum in tan d be low 1 Hz, fre quen cies which we did not test. How ever, the main purpose of our in ves ti ga tion was to eval u ate the ef fects of precompression. Be cause of the increased time re quired to me chan i cally test our sam ple at more precompression lev els, we had to sac ri fice some test ing fre quen cies to pre vent tis sue des ic ca tion. To fur ther in ves ti gate the ef fects of fre quency, we nor mal ized the data to the 1 Hz data for each. All data were signif i cant (p < 0.001), con firm ing the im por tance of test ing fre quency on the out come of mechan i cal tests.
We quan ti fied the com pres sion-de pend ent viscoelastic prop er ties of hu man cer vix tis sue by com pres sion test ing sam ples with the end of the cer vix con tact ing the dis place ment platen. In this study, we did not test other fi ber ori en ta tions. How ever, com pres sion caused by ei ther an as pi ra tion de vice or an ul tra sound trans ducer would likely be in the di rec tion we tested, mak ing this test ing ori en ta tion the most rel e vant for these di ag nos tic tests. It may be in ter est ing to test dif fer ent ori en ta tions in fu ture stud ies. 
The con se quences of ini tial precompression on test ing re sults are sit u a tion de pend ent. It is par tic u larly rel e vant for di ag nos tic tech niques that may be used to di ag nose cer vi cal in suffi ciency by quan ti fy ing a global value for cer vi cal stiff ness, such as the as pi ra tion de vice or 1-D tran sient elastography. Based on our re sults, precompression can lead to stiff en ing that may re sult in a missed di ag no sis of pre ma ture cer vi cal soft en ing. How ever, in the case of detec tion of cer vi cal can cers, in creased com pres sion may ac tu ally be ben e fi cial. Con trast between the elas tic modulus of ma lig nant tis sue and sur round ing back ground tis sue has been shown to in crease in the hu man liver with in creas ing com pres sion as a re sult of strain harden ing. 26 This phe nom e non could pro vide better bound ary de lin ea tion on strain im ages. Unfor tu nately, we were un able to ac quire cer vi cal can cers through the du ra tion of this study be cause of lim ited amounts of patho log i cal tis sue re leased for our study. Dif fer ences in mechan i cal prop er ties be tween pre-and postmenopausal state should also be in ves ti gated. In the du ra tion of this study, this was not pos si ble be cause of the rel a tive in fre quency of premenopausal hys ter ec to mies. Fu ture work will fo cus on de ter min ing po ten tial dif ferences in cer vi cal me chan ics based on meno pausal state. Cer vi cal pa thol o gies will also be tested in or der to de ter mine the strain-and fre quency-de pend ent hard en ing ef fects when com pared to nor mal cer vi cal tis sue.
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